Abstract BAG-1 (Bcl-2-associated athanogene) is a multifaceted protein implicated in the modulation of a large variety of cellular processes. Elucidating the molecular mechanisms that underlie the cellular functions of BAG-1 becomes an increasingly important task, particularly in light of the growing evidence connecting aberrant BAG-1 expression to certain human cancers. A common element of the remarkable functional diversity of BAG-1 appears to be the interaction with molecular chaperones of the Hsp70 family. In fact, BAG-1 functions as a nucleotide exchange factor of mammalian cytosolic Hsc70, thereby triggering substrate unloading from the chaperone. In addition, recent findings reveal an association of BAG-1 with the proteasome, which suggests a role in coordinating chaperone and degradation pathways.
INTRODUCTION
The BAG-1 protein (Bcl-2-associated athanogene) was initially identified as a binding partner of the anti-cell death protein Bcl-2 and was shown to be involved in the regulation of apoptosis (Takayama et al 1995) . However, subsequent studies revealed a plethora of additional partner proteins of BAG-1, and a wide variety of cellular functions were assigned to BAG-1, ranging from transciptional regulation to the control of cell migration (reviewed in Takayama and Reed 2001; Doong et al 2002) (Table 1 ). The question arises whether there is a common molecular mechanism that underlies this multifunctionality of BAG-1. It is probably still too early to answer this question conclusively. Nonetheless, it is now widely accepted that BAG-1 is intimately involved in the regulation of Hsp70 chaperone proteins in the eukaryotic cytosol and nucleus. Here, we will describe the chaperone-regulating activity of BAG-1 and will discuss the diverse cellular functions ascribed to BAG-1 with regard to the cochaperone's ability to modulate Hsp70-mediated protein folding and degradation pathways.
BAG-1-A NOVEL TYPE OF HSP70 NUCLEOTIDE EXCHANGE FACTOR
For a long time the prokaryotic Hsp70 reaction cycle served as a paradigm to explain the chaperone function of Hsp70 family members. The dynamic interaction of the bacterial Hsp70 homolog DnaK with polypeptide substrates depends on the concerted action of the cochaperones DnaJ and GrpE. DnaJ stimulates adenosine triphosphate (ATP) hydrolysis by DnaK to promote conversion of the chaperone to the high-affinity state for substrate binding, whereas GrpE triggers adenosine 5Ј diphosphate (ADP) release and ATP rebinding, which result in substrate unloading from DnaK (Bukau and Horwich 1998) . Whereas DnaJ-like proteins were also found early in the eukaryotic cytosol, cochaperones that were structurally related to GrpE remained elusive in this compartment. In fact, with the advent of genome-sequencing projects it became clear that homologs of the GrpE protein are absent from the eukaroytic cytosol. Nucleotide exchange is apparently not the rate-limiting step in the reaction cycle of eukaryotic Hsp70s but rather ATP hydrolysis itself (Hö hfeld et al 1995; Minami et al 1996) . Stimulation of ATP hydrolysis by DnaJ family members, therefore, seems to be sufficient to achieve a physiological relevant cycling of Hsp70s in the eukaryotic cytosol.
Although a general requirement for a nucleotide exchange factor can be excluded, it is still possible that such a factor (or factors) may accelerate substrate unloading from eukaryotic Hsp70 on certain chaperone pathways. This hypothesis gained ground when the apoptosis regulator BAG-1 was found to stimulate nucleotide exchange on mammalian cytosolic Hsc70 (Hö hfeld and Jentsch 1997). BAG-1 exists as multiple isoforms in the mammalian cytosol, which arise from a single messenger ribonucleic acid (mRNA) by alternative translation initiation (Packham et al 1997; Coldwell et al 2001) . At least 4 isoforms can be distinguished: BAG-1L (apparent molecular mass of 52 kDa), BAG-1M (46 kDa; also termed HAP46, RAP46), BAG-1 (34 kDa), and BAG-1S (29 kDa) (Takayama et al 1998). The isoforms differ with regard to the length of their amino termini (Fig 1) . Several structural elements are located in this region, and their presence or absence in distinct isoforms may cause functional diversity. For example, a nuclear localization signal is present at the extreme amino terminus of BAG-1L. Accordingly, BAG-1L is located in the nucleus, whereas the shorter isoforms are primarily found in the cytosol . Furthermore, a deoxyribonucleic acid (DNA)-binding motif, characterized by a cluster of lysine and arginine residues, is present in BAG-1L and BAG-1M but absent in BAG-1 and BAG-1S (Zeiner et al 1999; Schmidt et al 2003) . BAG-1S also lacks the hexapeptide repeat motif TRSEEX, whereas different numbers of the functionally uncharacterized motif are located at the amino termini of the longer isoforms (Fig 1) . Despite this heterogeneity at the amino terminus, all isoforms share a central domain that is structurally related to the degradation marker ubiquitin and a conserved domain of about 100 amino acids at the carboxyl terminus, termed BAG domain (Fig  1) . The BAG domain is sufficient for Hsc70 binding and regulation and mediates an interaction of the cochaperone with the ATPase domain of Hsc70 (Hö hfeld and Jentsch 1997; Takayama et al 1997; Zeiner et al 1997) .
Binding to the ATPase domain results in a strong acceleration of the steady-state ATPase activity of the chaperone (Hö hfeld and Jentsch 1997). This ATPase-stimulating activity of BAG-1 is critically dependent on the additional presence of Hsp40. It was therefore concluded that BAG-1 stimulates ADP release from Hsc70 after an initial Hsp40-induced conversion of the chaperone into the ADP-bound form, and experimental evidence for this notion was provided (Hö hfeld and Jentsch 1997; Gässler et al 2001; Sondermann et al 2001) . The findings identify BAG-1 as a nucleotide exchange factor of Hsc70. How BAG-1 triggers nucleotide exchange was revealed when the BAG domain was crystallized in association with Hsc70's ATPase domain and the structure of the complex was solved (Sondermann et al 2001) . The BAG domain opens the nucleotide-binding cleft of the ATPase domain and in this way stimulates the release of bound ADP from Hsc70. The structural change induced by BAG-1 closely resembles the conformational switch forced on the ATPase domain of DnaK by GrpE (Sondermann et al 2001) . Nonetheless, BAG-1 and GrpE are structurally unrelated. The BAG domain forms a 3-helix bundle that contacts Hsc70's ATPase domain mainly by electrostatic interactions. In contrast, GrpE primarily uses a ␤-strand subdomain to bind to the ATPase domain of DnaK through hydrophobic contacts (Sondermann et al 2001) .
On the basis of functional convergence, cochaperones with distinct architectures apparently evolved as nucleotide exchange factors of Hsp70 family members. BAG-1-induced conformational changes of the ATPase domain of Hsc70 are transferred to the peptide-binding pocket of the chaperone and result in the release of a bound polypeptide substrate (Lü ders et al 1998 (Lü ders et al , 2000a Gässler et al 2001; Sondermann et al 2001) . This parallels the findings for GrpE. The consequences for chaperone- Domain structure of BAG-1 (Bcl-2-associated athanogene) isoforms, of carboxyl terminus of Hsc70 interacting protein (CHIP), and of the model for the functional cooperation of the 2 cochaperones during the sorting of Hsc70-bound substrate proteins to the proteasome for degradation. Four isoforms of BAG-1 have been detected, which differ with regard to the length of their amino termini. Several structural elements are located at the amino terminus, including a nuclear localization signal (NLS), a deoxyribonucleic acidbinding motif (DNA), and multiple repeats of the hexapeptide motif TRSEEX. All isoforms possess a central ubiquitin-like domain used for proteasome binding and a carboxyl terminal BAG domain, which mediates binding and regulation of Hsc70. CHIP possesses a triple ← TPR domain that, together with an adjacent charged region, forms a binding site for Hsc70 and Hsp90. A central coiled coil domain (cc) may be involved in protein-protein interactions. The carboxyl terminal U-box is required for the ubiquitin ligase activity of CHIP and seems to mediate binding to ubiquitin-conjugating enzymes of the Ubc4/5 family. Association of CHIP with the carboxyl terminal domain of Hsc70 (C) gives rise to a chaperone complex that mediates sorting to the proteasome. At the same time, BAG-1 binds to the adenosine triphosphatase domain of Hsc70 (ATPase) and in addition contacts CHIP directly. The ubiquitin-like domain of BAG-1 (ubl) remains exposed in the formed complex and serves as a proteasomal sorting signal. Subunit and domain arrangement in the complex remains to be determined experimentally. mediated protein folding, however, can be rather different. The substrate release activity of GrpE was shown to be required for the folding of polypeptide substrates by DnaK and DnaJ (reviewed in Bukau and Horwich 1998) . In contrast, folding-stimulating as well as folding-inhibiting effects were observed for BAG-1 in in vitro refolding experiments using Hsc70 and Hsp40 (Zeiner et al 1997; Lü ders et al 1998 Lü ders et al , 2000a Terada and Mori 2000; Gässler et al 2001) . Furthermore, in mammalian cells BAG-1 overexpression abrogated the chaperone activity of Hsc70 (Nollen et al 2001) . It, therefore, appears that BAG-1 is not a general regulator of Hsc70 during the productive folding of chaperone substrates but rather stimulates substrate unloading from Hsc70 on certain chaperone pathways on the basis of its nucleotide exchange activity.
Interestingly, human cells contain several BAG-1-related proteins: BAG-2, BAG-3 (CAIR-1; Bis), BAG-4 (SODD), BAG-5, and BAG-6 (Scythe, BAT3) Takayama and Reed 2001) . In addition to the conserved BAG domain required for binding and regulation of Hsc70, the BAG family members possess additional functional domains that seem to mediate targeting to diverse partner proteins and subcellular compartments. For example, BAG-3 forms a ternary complex with Hsc70 and phospholipase C-␥ (PLC-␥) in response to epidermal growth factor (EGF) (Doong et al 2000) . PLC-␥ is contacted by BAG-3 through a domain comprising multiple PXXP motifs, whereas the BAG domain of the cochaperone remains available for binding to Hsc70. BAG-3 thus links the Hsc70 chaperone system to EGF-induced signaling pathways. Nucleotide exchange factors of the BAG family are apparently used at multiple locations to modulate Hsc70 function.
BAG-1-A COUPLING FACTOR BETWEEN HSC70 AND THE UBIQUITIN-PROTEASOME SYSTEM
A striking structural feature of all BAG-1 isoforms is the presence of a ubiquitin-like domain (Fig 1) . Ubiquitin itself is a small protein that is ubiquitously expressed in eukaryotic cells and serves as a degradation signal. Co-valent attachment of a chain of multiple ubiquitin molecules to a protein substrate is mediated by the concerted action of a ubiquitin-conjugating enzyme and a ubiquitin ligase and directs the modified substrate to the 26S proteasome, a heterooligomeric protease complex, for degradation (Varshavsky 1997) . The ubiquitin-like domain of BAG-1 cannot be cleaved off and cannot be transferred onto other proteins. Rather the domain serves as an integral sorting signal to stimulate an interaction of BAG-1 with the proteasome (Lü ders et al 2000b; Alberti et al 2002) . BAG-1 associates with the proteasome in an ATPdependent manner, probably regulated by the ATPase subunits of the 19S regulatory subcomplex of the proteasome. This association does not result in the rapid degradation of the cochaperone. Instead, BAG-1 stably associates with the proteasome, and consequently complexes of the cochaperone and the proteasome can be isolated from mammalian cells (Lü ders et al 2000b). Remarkably, BAG-1 can simultaneously bind to Hsc70 and to the proteasome. This seems to enable BAG-1 to act as a coupling factor between the chaperone and the proteolytic complex. Increasing the cellular levels of BAG-1 indeed stimulates an association of Hsc70 with the proteasome (Lü -ders et al 2000b).
The proteasomal localization of BAG-1 prompted speculations that the cochaperone may participate in the sorting of chaperone substrates to the proteasome (Lü ders et al 2000b; Hö hfeld et al 2001). Based on its nucleotide exchange activity, BAG-1 may induce the release of Hsc70-bound substrates in the vicinity of the proteasome and in this way may facilitate substrate transfer into the proteolytic core of the degradation complex. Evidence for such a model was recently provided when the cooperation of BAG-1 with the carboxyl terminus of Hsc70 interacting protein (CHIP) was investigated (Demand et al 2001) . Like BAG-1, CHIP combines a chaperone-binding site with a domain implicated in the regulation of the ubiquitin-proteasome system (Fig 1) . A tandem arrangement of 3 tetratricopeptide repeat motifs (TPRs) at its amino terminus enables CHIP to occupy binding sites for TPRcontaining cochaperones on Hsc70 and Hsp90 (Ballinger et al 1999; Scheufler et al 2000; Connell et al 2001) . At the carboxyl terminus CHIP possesses a U-box, which is structurally related to RING finger domains found in many ubiquitin ligases (Jackson et al 2000) . In fact, CHIP displays ubiquitin ligase activity. In conjunction with ubiquitin-conjugating enzymes of the Ubc4/5 family, CHIP mediates ubiquitin attachment to protein substrates that are presented by Hsc70 and Hsp90 (Demand et al 2001; Jiang et al 2001; Murata et al 2001) . Consequently, elevating the cellular concentration of CHIP induces the degradation of known chaperone substrates by the proteasome (Connell et al 2001; Meacham et al 2001; Xu et al 2002) . This function of CHIP seems to be enhanced by BAG-1. The 2 cofactors can simultaneously associate with Hsc70 because they occupy nonoverlapping binding sites on the chaperone (Hö hfeld and Jentsch 1997; Ballinger et al 1999; Demand et al 2001) . Moreover, a direct interaction of the 2 cofactors has been observed, which may contribute to the formation of the BAG-1/Hsc70/CHIP complex (Fig 1) . A cooperation of the 2 cofactors during the sorting of chaperone substrates to the proteasome was revealed in cell culture experiments. Overexpression of BAG-1 stimulated the CHIP-mediated degradation of the glucocorticoid hormone receptor (Demand et al 2001) . It seems that the 2 cochaperones are able to team up to shift the activity of Hsc70 from protein folding to protein degradation.
Intriguingly, BAG-1 itself is a substrate of the CHIP ubiquitin ligase (Alberti et al 2002) . On formation of the ternary BAG-1/Hsc70/CHIP complex, CHIP mediates the attachment of a polyubiquitin chain to BAG-1 and thereby promotes the association of the chaperone complex with the proteasome. This may provide the means to regulate the chaperone-assisted degradation pathway. Multiple lines of evidence thus support a functional cooperation of BAG-1 and CHIP. However, whether this cooperation is of general character or affects only a limited set of chaperone substrates remains to be determined. Notably, similar to BAG-1, BAG-6 (Scythe/BAT3) combines a ubiquitin-like domain of unknown function and a BAG domain that is used for Hsc70 binding and regulation (Thress et al 2001) . Although a proteasomal association was not yet observed for BAG-6, it is tempting to speculate that the protein may fulfill a BAG-1-like function and may cooperate with CHIP on certain degradation pathways. Furthermore, there is evidence that a ubiquitin ligase other than CHIP participates in the sorting of chaperone substrates to the proteasome (Xu et al 2002) . Functional redundancy appears to exist on such sorting pathways.
BAG-1-A COCHAPERONE WITH MULTIPLE CELLULAR FUNCTIONS
The identification of BAG-1 as an Hsc70 nucleotide exchange factor and proteasome-binding partner provides a framework for our understanding of the cellular functions of BAG-1. In the past few years many such functions were assigned to BAG-1 (Table 1) . For example, overexpression of BAG-1 in cell culture experiments renders cells more resistant to apoptosis, particularly in cooperation with Bcl-2 (Takayama et al 1995) . Interaction of BAG-1 with Bcl-2 is ATP dependent, which may point to a participation of Hsc70 (Takayama et al 1997) . Because Bcl-2 is a rather hydrophobic protein that displays its cellular activity in part in the outer mitochondrial membrane, it is conceivable that BAG-1 and Hsc70 form a chaperone complex involved in membrane insertion of Bcl-2. Such a model would be consistent with the chaperone-regulating activity of BAG-1. Yet, evidence for such a model is still missing, and an interaction between Bcl-2 and Hsc70 has not yet been demonstrated. Furthermore, it is difficult to envisage how proteasome association of BAG-1 could increase the antiapoptotic activity of Bcl-2. On the other hand, conclusions drawn from overexpression studies might be misleading. Several proteins that, like BAG-1, possess integrated ubiquitin-like domains were recently shown to assist in the sorting of protein substrates to the proteasome (reviewed in Jentsch and Pyrowolakis 2000; Hartmann-Petersen et al 2003) . Nonetheless, their overexpression often blocks proteasomal degradation, possibly because their excess disturbs the stoichiometry of sorting complexes. Intriguingly, elevated levels of BAG-1 are observed in different types of tumors, and the cochaperone is therefore discussed as a novel diagnostic marker for certain cancers Krajewski et al 1999; Yang et al 1999) . The altered regulation of chaperone and degradation pathways that probably accompanies an elevation of cellular BAG-1 levels may significantly contribute to oncogenic transformation.
Besides apoptosis, cellular processes that are affected by BAG-1 include neuronal differentiation (Kermer et al 2002) , cell motility (Naishiro et al 1999) , transcription regulation (Zeiner et al 1999; Takahashi et al 2001; Schmidt et al 2003) , and stress signaling . For the latter, the interaction of BAG-1 with the protein kinase Raf-1 is of relevance. The stress-signaling kinase was described to be a direct binding partner of BAG-1 (Wang et al 1996; Song et al 2001) . Association with BAG-1 results in a stimulation of the kinase activity of Raf-1 and causes cell proliferation. Remarkably, the binding sites for Raf-1 and Hsc70 on BAG-1 overlap, and the 2 proteins therefore bind to BAG-1 in a mutually exclusive manner . Accordingly, it was proposed that BAG-1 functions as a molecular switch that enhances cell proliferation under normal conditions but mitigates proliferation during conditions of acute stress when chaperone levels increase .
Other important binding partners of BAG-1 are nuclear hormone receptors. Confusingly, rather diverse effects on receptor-dependent transcription have been observed on overexpression of BAG-1 in cell cultures. This may in part depend on the isoform of BAG-1 that was investigated. For instance, interaction with BAG-1M and BAG-1 negatively regulates the DNA binding and transactivation activities of the retinoic acid receptor and the glucocorticoid receptor (Kullmann et al 1998; Liu et al 1998; Schneikert et al 2000) . BAG-1L was shown to enhance the activity of the androgen receptor Knee et al 2001) , whereas stimulating as well as suppressing effects were observed for the interaction of BAG-1L with vitamin D receptor (Guzey et al 2000; Witcher et al 2001) . The data reveal a regulatory role of BAG-1 in hormone receptor action, although it currently appears impossible to draw a consistent model to explain this regulatory role. In any case, it might be helpful to distinguish between cytoplasmatic and nuclear actions of BAG-1 in this respect. Before nuclear hormone receptors are activated, they interact with molecular chaperones in the cytosol to attain a folding state capable of binding their corresponding ligands (Frydman and Hö hfeld 1997) . The first steps of receptor maturation depend on the action of Hsc70, suggesting that BAG-1 might interfere with these initial folding events by virtue of its substrate release activity (Kanelakis et al 1999) . In fact, the regulatory role of BAG-1 on nuclear receptors depends on the presence of the BAG domain and thus most likely involves a modulation of Hsc70 function (Zeiner et al 1999; Schmidt et al 2003) . The situation may change when BAG-1 enters the nucleus. A cluster of lysine and arginine residues present at the amino terminus of BAG-1M and BAG-1L was recently shown to mediate a nonsequence-specific binding of the cochaperone to DNA. The DNA-binding domain enables BAG-1M and apparently also BAG-1L to activate transcription (Zeiner et al 1999; Niyaz et al 2001; Takahashi et al 2001; Schmidt et al 2003) . Moreover, the DNA-binding domain must be present on the cochaperone together with the Hsc70-interacting BAG domain to achieve an inhibition of glucocorticoid receptor-dependent transcription (Schmidt et al 2003) . The cochaperone appears to use its DNA-binding domain to recruit Hsc70 to chromosomal loci and to modulate chaperone-assisted steps during transcription. These findings are particularly exciting with respect to a recent report implicating chaperones in transcription regulation (Freeman and Yamamoto 2002) . In this report molecular chaperones were shown to promote the disassembly of transcriptional regulatory complexes, thus enabling regulatory machineries to detect and respond to signaling changes. BAG-1 may participate in such processes.
CONCLUDING REMARKS
Many of the cellular functions of BAG-1 may be explained by its chaperone-regulating activity and in some cases may involve the modulation of degradation pathways. Still, several of the ways in which BAG-1 acts are not yet understood. In this regard it appears necessary to broaden the experimental strategies for analyzing BAG-1 function. New answers will certainly arise from experiments that involve downregulation of the enigmatic cochaperone by small inhibiting RNAs and from the characterization of corresponding knockout animals that are currently generated.
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